EXECUTIVE SUMMARY
For this study, one sample of commercial Jet A (Jet Aviation) fuel, one sample of JP8 fuel, and two samples of JP5 fuel were analyzed for elements and Polycyclic Aromatic Hydrocarbons (PAHs). Table ES -2 is a summary of elements detected in the fuels. Shaded elements were detected at the highest concentrations. More data are needed to determine a typical composition for each fuel type. Elements not detected in any fuels were antimony, arsenic, cadmium, cobalt, gallium, gold, indium, mercury, molybdenum, palladium, platinum, rhodium, ruthenium, silver, tellurium, thallium, thorium, uranium, and zinc.
There were no high Molecular Weight (MW) PAHs in the jet fuels. In general, the higher MW PAHs biodegrade more slowly and have higher carcinogenic potential. Jet A and JP8 fuels had more PAHs than JP5 fuels. Jet A fuel had more mid-range MW PAHs than the military fuels.
This Technical Report analyzes four fuel samples. A larger data base would enable definition of a range of typical element and PAH values in jet fuel. It would also help determine which elements in the fuels are present as delivered from the refinery, or are introduced as storage and delivery system contaminants.
INTRODUCTION
Four samples of jet aviation fuel were collected and analyzed for a broad range of elements and Polycyclic Aromatic Hydrocarbons (PAHs). Results were compared to historical data.
One sample of commercial Jet A, two samples of JP5 fuel, and one sample of JP8 fuel were collected from four different airfields. JP8 fuel is the same basic formula as Jet A fuel, with additives for anti-icing, anti-static, and anti-corrosivity. Most U.S. Navy and U.S. Air Force airfields now stock JP8 fuel, which is less expensive (the commercial formula Jet A fuel is the base) than JP5 fuel. Shipboard detachments or locations with an increased fire hazard use JP5 fuel because it has a higher flashpoint than JP8 fuel.
Future reports will compare fuel analysis results to jet engine exhaust particulate analyses. This comparison might provide insight into how element and PAH concentrations in the fuel translate to those concentrations in the particulate exhaust after combustion.
MATERIALS AND METHODS

SAMPLE COLLECTION
The Jet A, JP5, and JP8 fuel samples were each collected in two 250-mL Trace Metal Free polyethylene bottles (I-CHEM N311-0250). The Fleet and Industrial Supply Center Petroleum Laboratory, San Diego, CA, analyzed one sample for sulfur. The second sample was split into two 125-mL trace-metal-free polyethylene bottles (I-CHEM N311-0125). One bottle was shipped to Arthur D. Little, Cambridge, MA, for PAH analysis. The other bottle was shipped to the Florida Institute of Technology, Melbourne, FL, for trace element analysis.
Approximately 4 liters of fuel were drained from the supply before the samples were collected. The Jet A fuel was collected from a fueling truck at Lindbergh Field, San Diego, CA. JP5 fuel samples were collected at the Marine Corps Air Station Miramar fueling depot and a Naval Air Station North Island (NASNI) fueling truck. JP8 fuel was collected from a March Air Force Reserve Base fueling truck.
LABORATORY ANALYSES
Sulfur
The American Society for Testing and Materials (ASTM) D-4294 Testing Method 1 was used for sulfur analysis. This test method applies to the measurement of sulfur in hydrocarbons. The applicable concentration range for this method is 0.0150 to 5.00 mass percent.
Elemental
The Marine and Environmental Chemistry Laboratories at the Florida Institute of Technology in Melbourne, FL, completed trace elemental analysis with Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and Flame Atomic Absorption Spectrometry (FAAS). The following methods description is summarized from their report. 2 2.2.2.1 Sample Digestion (For All Elements Except Hg). Two-gram subsamples of each jet fuel were weighed directly into 50-mL Teflon ® beakers to which 10 mL of Ultrex II nitric acid (J. T. Baker ® ) was added. The beakers were then covered with Teflon ® watch covers and allowed to reflux gently at low heat for 24 hours. A second 10-mL aliquot of Ultrex II was then added to the beakers and the temperature increased for an additional 12 hours of vigorous refluxing. At the end of this second refluxing period, the covers were removed from the Teflon ® beakers and the solution volume reduced to ~5 mL with gentle heating. The Teflon ® beakers were then covered and allowed to cool. The digested fuel samples were transferred to graduated cylinders and brought to a final volume of 10 mL with reagent water (18-megohm resistivity) rinses of the Teflon ® beakers. These solutions were then placed in acid-washed, 15-mL low-density polyethylene bottles for analysis.
2.2.2.2 Sample Digestion for Hg. Two-gram subsamples of each jet fuel were weighed into 50-mL glass digestion tubes and 4 mL of trace metal grade nitric acid (J.T. Baker ® Instra-Analyzed) was added. The tubes were then covered and allowed to sit at room temperature for 3 hours to begin the digestion process. At this point, 2 mL of trace metal grade sulfuric acid (Fisher Scientific ® TraceMetal) was added to the digestion tubes. The tubes were allowed to sit overnight (sealed) to continue digestion at room temperature. The samples were then transferred to a water bath and heated to a refluxing temperature of between 85 and 90°C for 3 hours. The digested fuel samples were allowed to cool and then transferred to graduated cylinders and brought to a final volume of 10 mL with reagent water (18-megohm resistivity) rinses of the digestion tubes. These solutions were then placed in acid-washed, 15-mL low-density polyethylene bottles for Hg analysis.
Quantitative Analysis.
Jet fuel concentrations of As, Au, Ba, Cd, Ga, Mo, Ni, Pb, Pt, Sb, Sc, Sn, Sr, Ti, Tl, V, and Zr were determined quantitatively by ICP-MS using a Perkin-Elmer™ ELAN 5000 instrument. Concentrations of Co, Cr, Cu, Fe, and Mn were determined by graphite furnace atomic absorption spectrometry (GFAAS) with a Perkin-Elmer™ Model 4000 atomic absorption spectrometer (AAS), an HGA-400 graphite furnace, and an AS-40 autosampler. Concentrations of Ag and Se in the jet fuel were determined by GFAAS using a Perkin-Elmer™ Model 5100PC AAS, an HGA-600 graphite furnace, and an AS-60 autosampler. Concentrations of Al, Ca, K, Mg, and Zn in jet fuel were determined by FAAS using the Perkin-Elmer™ Model 4000 AAS. Mercury concentrations were measured by Cold-Vapor Atomic Absorption Spectrometry (CVAAS) with a Laboratory Data Control Model 1235 Mercury Monitor. In all cases, the manufacturer's specifications were followed and adherence to Quality Assurance/Quality Control (QA/QC) requirements were maintained.
A semi-quantitative scan for jet fuel concentrations of In, Nb, Pd, Rh, Ru, Te, Th, and U was conducted by ICP-MS using the ELAN5000 spectrometer in the Total Quant II mode.
QA/QC.
Appendix B provides Quality Assurance and Control data. A method spike was added to one subsample of the jet fuel before digestion as a check against element loss during processing. The spiking solution contained all the elements quantitatively analyzed except Pt, which was unavailable at the time of sample digestion. The recovery of this method spike is shown as Method Spike Recovery (as percent) in the QA/QC table (appendix B). The method spike recoveries were all within accepted limits for the digestion procedures used.
Matrix spikes were prepared for two of the samples during quantitative analysis of each element. These spikes were used to check for the presence of sample matrix interferences. The results of these matrix effect checks are shown as Analytical Spike Recovery (as percent) in the QA/QC table in appendix B. The spike recoveries were all within accepted limits for the analytical procedures used.
To estimate the precision of analysis, one jet fuel sample was digested and analyzed in duplicate. The precision (reproducibility) of the analyses is shown in the QA/QC table under the heading of Analytical Precision as Relative Standard Deviation (RSD) in percent.
Fuel Standard Reference Materials (SRMs) with low-level, certified metal concentrations are unavailable. Therefore, the jet fuel analyses included samples of the SRM Trace Elements in Water #1643d, which has values certified by the National Institute of Standards and Technology (NIST). The element concentrations of the SRM determined experimentally were all within the range of certified values. These data and the SRM method detection limits are presented in the QA/QC table. Method spike analysis (described above) is an acceptable substitute in the absence of a certified SRM.
Two procedural blanks were prepared with each jet fuel digestion to monitor potential metal contamination. These blanks used the same reagents, handling techniques, and analytical scheme as the experimental samples. No contamination during processing and analysis was observed. Metal concentrations due to impurities in reagents were within accepted limits. No field or equipment blanks were provided for analysis.
Polycyclic Aromatic Hydrocarbons
The Arthur D. Little Environmental Monitoring and Analysis Unit 3 completed PAH analysis. The following methods description summarizes their report.
Samples were analyzed for PAHs by Gas Chromatography/Mass Spectrometry in the Selected Ion Mode (GC/MS/SIM). The fuel oils were extracted and analyzed for PAHs only, along with the following QC: Procedural Blank (PB), Blank Spike (BS), and Sample Duplicate (DUP).
Each jet fuel sample spiked with surrogates was diluted to achieve an oil weight of approximately 10 mg/mL. A volume of 0.5 mL was removed and brought to 1-mL Pre-Injection Volume (PIV) with the recovery standards for analysis of the PAH analyte listed in appendix C.
Sample extracts were analyzed on a Hewlett Packard ® Gas Chromatograph Mass Spectrometer (GCMS) Model 5890 in the Single Ion Monitoring Mode (SIM) following modified Environmental Protection Agency (EPA) Method 8270. Extracts were analyzed with a five-point calibration, along with a NIST SRM 1491 and a Laboratory Oil Reference Standard to verify instrument precision and accuracy. Results of the PAH standards testing are in appendix C.
The minimum reporting limit (MRL) in the results table and the Method Detection Limit (MDL) were calculated for each sample based on the low calibration standard for the method, adjusted for actual sample size, sample split, PIV, and dilutions. The low calibration standard for PAHs is 25 ng/mL.
The following is an example of the calculation: 
RESULTS AND DISCUSSION
The color of the fuel samples varied (figure 1). The JP8 fuel was olive green. Jet A fuel and JP5 fuel from Miramar were similar-a pale yellow. JP5 fuel from NASNI was dark gold. It is not known which additives and/or refining conditions cause the color variations between the samples. Table 1 shows sulfur concentration results from testing at the Fleet and Industrial Supply Center Petroleum Laboratory, San Diego, CA. These results are compared to historical sulfur concentration data from the 1998 TRW Petroleum Technical Report, Aviation Turbine Fuels. 4 The sulfur concentrations in this study are higher than historical values. The more recent data show sulfur concentrations are two times higher for JP5 fuel and eight times higher for JP8 fuel than the Aviation Turbine Fuels report published annually by TRW. These concentrations are notable because an average value of 0.02% sulfur has been used to calculate SO 2 emission factors for military jet engines.
SULFUR ANALYSIS
5 These emission factors may need to be reviewed, based on the higher sulfur concentrations found in this study. Table 2 shows the elemental analysis completed at the Florida Institute of Technology using ICP-MS and FAAS.
In general, JP8 fuel had the highest elemental concentrations. With respect to the other three fuel samples, JP8 fuel had very high concentrations of aluminum, calcium, iron, magnesium, strontium, and titanium. Commercial Jet A fuel had the lowest elemental concentrations, with the exceptions of chromium, lead, and titanium.
The JP5 fuel showed significant differences in composition between those two samples for seven of the elements: aluminum, calcium, copper, magnesium, potassium, strontium, and tin. With such a limited database, it is difficult to hypothesize why there are large differences. It could be that the fuels are different as shipped from the refinery or a result of the storage or delivery system. completed a similar, but abbreviated, elemental analysis in 1997 for the Aircraft Environmental Support Office. JP5 and JP8 fuels were analyzed for 13 elements. Table 4 compares results from this study to the 1997 study. Results are reported as "< MDL" in the 1997 study if they were not detected. Results are consistent between the studies. Table 5 compiles the A. D. Little jet fuel PAH analysis results 3 and also includes marine diesel and gasoline PAH data from a prior study. The earlier data are compiled from a 1992 SSC San Diego study 7 of shipboard affluents. Batelle Laboratories performed the analysis. Data from the 1992 report were converted from ng/l to mg/kg using a fuel density of 0.8 kg/l.
POLYCYCLIC AROMATIC HYDROCARBON ANALYSIS
Current study results are not blank corrected. Sample results are reported corrected for surrogate recovery. Results found below the minimum reporting limit are qualified as estimated (J). Results found in samples corresponding to a result found in the laboratory procedural blank are qualified with a (B) when the result in the sample is less than five times the result found in the procedural blank. Results found in the blanks were well below the minimum reporting limit. Results not detected are qualified as (ND). Additional qualifiers may be used as defined in the individual data reports or project narrative, and a result may have combinations of these qualifiers (i.e., "JB") Appendix D lists qualifier explanations. Table 5 PAHs are in order of increasing MW. The higher MW PAHs are generally considered slower to biodegrade and have higher carcinogenic potential. Jet fuel samples had no high MW PAHs present. Gasoline had more mid-range MW (154 to 184) PAHs present than jet fuel, and diesel marine fuel had many more PAHs present and higher concentrations of PAHs.
Benzo [a] pyrene (BAP) is the most studied carcinogenic PAH and is traditionally used as an indicator of overall PAH content. No BAP was detected in the jet fuels.
All samples had naphthalene present in the highest concentrations. Naphthalene is the lightest of the PAHs. It biodegrades readily and does not have high carcinogenic potential. Naphthalene concentrations were significantly higher in the Jet A and JP8 fuels than in the JP5 fuels. Table 6 compares the results of this study with the JP5 analysis results from the 1992 report.
7
In the 1992 study, the JP5 was sampled at the San Diego Fleet and Industrial Supply Fuel Farm. Samples were taken in 1990. The right-hand column is the percent change between the 1990 sample and the average of the two recent JP5 samples. Although this is a small data set, PAH values did drop significantly between 1990 and 1999. The phenanthrene measurement was of such low magnitude that it may confirm the presence of the compound, but it is not reliable for quantitative purposes. 
CONCLUSIONS AND REMARKS
In the current study, there were numerous elements and light molecular weight PAHs in the jet fuels. More data sets would help to define a range of typical values and help determine which elements in the fuels are present as delivered from the refinery or introduced as storage and delivery system contaminants. Future analysis efforts should include samples from the refinery.
The average sulfur concentration of 0.02% by weight used in SO 2 emissions calculations for jet engines may need to be revised upwards, per the results of this report.
In the future, the elemental and PAH concentrations in the fuels will be compared to elemental and PAH concentrations in jet engine exhaust particulate matter. Such comparisons may provide insight into how elemental and PAH concentrations in fuel particulates translate to those concentrations in the particulate exhaust after combustion.
